The heredity of rover/sitter, a naturally occurring polymorphism in the locomotory component of Drosophila melanogaster third instar larval foraging behaviour was analysed by comparing 16 reciprocal crosses made using isogenjc rover and sitter parental strains. Results from both male and female data sets indicated that rover/sitter differences have an autosomal basis, with rover showing complete dominance over sitter. The Y-chromosome, permanent cytoplasmic factors, transient maternal factors and interactions between them made no significant contributions to rover/sitter inheritance. A minor X-chromosome effect was observed in the female data. Rover/sitter ratios in both males and females of the 16 reciprocal crosses were not significantly different from those expected assuming a one gene, complete dominance model of autosomal inheritance.
INTRODUCTION
Heredity of the rover/sitter polymorphism (Sokolowski, 1980) is studied because the phenotype is easily assayed, it is found in a genetically well characterised species and is particularly interesting from an evolutionary perspective because it occurs in natural populations.
Behavioural differences are tested by measuring the distance a larva travels while foraging in a yeast coated petri dish during a set time interval.
The distance travelled during foraging (path length) is significantly longer in rover larvae than in sitters. In this study we analyse 16 reciprocal crosses performed between isogenic rover and sitter strains to determine the mode of inheritance of path length differences.
Until recently, most of the literature has ascribed hereditary differences in behaviour strictly to genetic differences-genes transmitted on chromosomes to subsequent generations (Ehrman and Parsons, 1981) . A more accurate definition of heredity may be extended to include both chromosomal and non-chromosomal components of inheritance (Wahlsten, 1979) . A simplistic representation of the behavioural phenotype and its components is illustrated in fig. 1 . Our definition of non-chromosomal inheritance excludes such mechanisms as viral or cultural inheritance. Cellular or cytoplasmic components are transmitted from the maternal parent to all progeny during oogenesis and subsequent embryogenesis (Bownes, 1982) . The contribution of cytoplasm from the male parent is usually considered negligible (Ehrman and Parsons, 1981) . Wahlsten (1979) distinguishes between two types of maternally inherited cytoplasmic components showing different patterns of heredity.
Permanent cytoplasmic factors include any non-chromosomal components of the egg which persist throughout the organism's lifetime and are transmitted over many generations. Chloroplasts of photosynthesising plants and mitochondria are examples of permanent cytoplasmic factors replicating autonomously within the cytoplasm (Wahlsten, 1979) . Grun (1976) discusses permanent cytoplasmic inheritance as it applies to D.
melanogaster.
Transient maternal factors include nonchromosomal components of the egg or developing embryo which can have dissipating effects over the lifetime of an organism. Cytoplasmic factors such as these are not usually transmitted to subsequent generations and include maternal gene products (Anderson and Nusslein-Voihard, 1984) and nutrients (Wahlsten, 1979) . Examples of transient maternal inheritance in D. tnelanogaster are described by Zalokar et a!., (1975) . Naturally occuring variation for pupation height (the distance a D. melanogaster larva pupat&s from a food source) was shown to have a strong transient maternal component of heredity by Bauer and Sokolowski (1987) . To obtain accurate measurements of hereditary components, both physical and biotic environmental components contributing to behavioural phenotype expression must be controlled during development and testing of all organisms (Ehrman and Parsons, 1981) . Physical factors that have been shown to influence larval behaviour in Drosophila include illumination (Manning and Markow, 1981) ; temperature (Mensua, 1967) ; moisture (Sameoto and Miller, 1968) ; type and homogeneity of the feeding substrate . Biotic factors amenable to control in the external environment include larval density (Sokolowski and Hansell, 1983) ; larval age (Sewell et a!., 1975) and the time of day during which behavioural testing occurs (Sokolowski, unpublished) . Development (Sokal et a!., 1960; Sokolowski et al., 1984) and physical size (Godoy-Herrera et a!., 1984) are considered here as internal environmental parameters which may be controIlei indirectly by providing all subjects with equal exposure to external environmental factors prior to and during behavioural testing. Components contributing to differences in a behavioural phenotype ( fig. 1) (Falconer, 1981) . For the purpose of the present study, the significance of interactions between any chromosomal, non-chromosomal and environmental components will be measured and tested along with their additive effects. Interactions may result from within the genome involving different genetic loci or between the genome and the cytoplasm (Davidson, 1976) .
Previous studies using chromosomal analyses of laboratory strains (Sokolowski, 1980) and naturally derived strains (Bauer and Sokolowski, 1985) completely dominant over sitter (Bauer and Sokolowski, 1984 
MATERIALS AND METHODS
Two Drosophila melanogaster strains isogenic for second and third pairs of chromosomes had been previously constructed using the balanced lethal chromosome technique outlined by Muller and Oster (1963) . These were EE (described by Sokolowski, 1980 ; showing a sitter phenotype) and B15B15 (described by Bauer and Sokolowski, 1985 ; showing a rover phenotype). Strains were maintained in glass culture bottles on 45 ml of a dead yeast, sucrose and agar (culture) medium at 24±1°C, 15±1 mbars vapour pressure deficit and an LD 12-12 photocycle with lights on at 0800 hours (standard conditions). 
Components characteristic of: F1 = F1 hybrid = backcross to sitter parental strain BR = backcross to rover parental strain F2 = F2 hybrid. Table modified from Wahlsten (1979) .
The locomotory component of foraging behaviour in early third instar larvae was quantified for each cross in a procedure similar to that described by Sokolowski (1980) . Synchronous first instar larvae (+1.5 h old) were harvested (Sokolowski eta!., 1984) and 100 larvae/cross were placed in petri dishes containing 35 ml of culture medium where they were maintained under standard conditions for 96 h. Fifty third instar larvae were randomly sampled from each dish with a moist paint brush. To ensure that only foraging larvae were tested, we did not sample wandering larvae found on the culture dish lids . Larvae were tested individually in petri dishes (85cmx14cm) coated with a thin homogeneous layer of aqueous yeast suspension (distilled water and Fleischmann's bakers' yeast in a 2: 1 ratio by weight) applied with a glass spreading rod on a petri dish spinner. This spreading technique provided a smoother foraging substrate than used in previous studies. We recorded path lengths made by larvae while foraging during a 5 mm test period. Fifty larvae for each of the 16 lines were tested on the same day. Larvae were then transferred to individual vials containing I ml of culture medium for sex determination upon eclosion. Each of the 16 crosses was tested in a random order within a 6 hour interval beginning at 1300 hours at 22± 1°C, 14±1 mbars vapour pressure deficit under homogeneous overhead illumination. Path length and sex were recorded for each larva tested using a digital VAX 8600 with a Numonics Corp. electronic graphics calculator.
Contrast analyses of variance (ANOVA) were performed using the SAS general linear models procedure (SAS Institute Inc., 1985) to determine the mode of inheritance of path length for rovers and sitters. We made a priori comparisons of crosses (Hays, 1981) to analyze behavioural differences between rover and sitter parental strains. This permitted detection of significant contributions made by autosomes, sex-chromosomes, permanent cytoplasmic factors, transient maternal factors and interaction effects (table 1) . Differences between crosses which share three of four factors in common were compared to determine the effect of the fourth factor. For instance, when comparing crosses 13 and 15 we see that their female progeny share the same F2 autosomes, F2 X-chromosomes and F1 transient maternal factors but differ in their permanent cytoplasmic factors. Contrasts were performed in a stepwise manner with results indicating the direction of further comparisons (Wahlsten, 1979 We determined rover/sitter ratios in the reciprocal crosses from a discrimination point calculated by minimising the probability of misclassification between the two parental strains. F2 line phenotypes are also not significantly different from the predicted one-quarter sitter, three-quarters rover parental strain phenotypes.
The final contrast which compares equivalent autosomal dosages of the parental strains to those of the other 14 reciprocal crosses is also not significant. In all cases, the male path length data fits an autosomal dominance model of inheritance. The female data (table 4) shows a similar pattern to that of the male data. As in males, a highly significant effect of parental strains (F(1, 386) = 8366, p<OO0Ol) and dominance (F(1,386)= 27.76, p<O0001) are found. In addition, we observe no significant deviation from an autosomal model. Dominance relationships between mean path length scores of the first four crosses (table 2) parallel those of the male data.
There are no significant effects of the permanent cytoplasm, nor interactions between it and all other factors in females (table 4). The effects of the X-chromosome on differences in larval path length could only be analysed in the female backcross data. Effects of interactions between the X-chromosome and all other factors are not significant. Comparisons showed that crosses having X-chromosomes passed from a sitter parental strain had significantly lower path lengths than did crosses having X-chromosomes passed from a rover parental strain (F(1, 386) = 10.24, p <001). and on non-significant heterogeneity chi-square analysis results for both males and females. These frequency distributions indicate that differences in path lengths could be under the genetic influence of a single major gene (or tightly linked gene cluster) with complete dominance. Reciprocal crosses having means which were not significantly different from the rover parental strain (R, F1 and BR ; contrast ANOVA) also show similar frequency distributions, with very few sitter phenotypes. We see the same rover/sitter patterns in B and F2 frequency distributions as seen in contrast ANOVA results. The degree of variation in the F2 hybrids does not suggest the segregation of more than one major genetic locus. Rover/sitter ratios were determined from discrimination points calculated using the overlap in parental strain frequency distributions. Ratios were not effected by sex We have shown that the inheritance of rover/sitter differences is primarily due to autosomal mechanisms. At this point we use chi-square analyses on male (table 5) and female (table 6) rover/sitter ratios to determine whether these data fit a single gene, complete dominance model of inheritance. Expected values in the reciprocal crosses were adjusted by accounting for the probability of phenotype misclassification as determined from the overlap in parental strain distributions. Observed ratios were not significantly different from expected Mendelian ratios in all reciprocal cross categories for both males and females.
DISCUSSION
We have investigated the inheritance of differences between rover and sitter foraging strategies of D. melanogaster third instar larvae. This study was undertaken because easily measured naturally occurring differences in a simple behaviour are possible using D. melanogaster, an animal which is also amenable to genetic manipulation.
From results of male and female contrast
ANOVAs we conclude that differences in path lengths between rovers and sitters are primarily inherited autosomally, with the rover phentotype showing complete dominance over sitter. The Ychromosome, permanent cytoplasmic factors, transient maternal factors and interactions between all hereditary components do not contribute significantly to differences between rover and sitter larval phenotypes. We do not reject our null hypothesis of complete autosomal dominance since all male and female autosomal comparisons were not significant. Relationships between cross path length means are therefore as follows:
A strictly additive rather than a dominant pattern of rover/sitter inheritance would have shown the following relationships:
S<B5<(F1= F2)<B<R
We conclude that the X-chromosome effect seen in the female backcross data is of secondary importance to the large autosomal effect and may be due to minor X-linked gene modification of a major autosomal gene. If sex-linkage were to play a major role in rover/sitter inheritance we would sitter parental strain (S, cross 1); rover parental strain (R, cross 2); reciprocal F1 hybrids (F1, crosses 3 and 4); reciprocal backcrosses to sitter (B5, crosses 5,6,9 and 10); reciprocal backcrosses to rover (BR, crosses 7, 8, 11 and 12) and reciprocal F2 hybrids (F2, crosses 13, 14, 15 and 16) . The discrimination point between r5vers and sitters is 759 cm. Expected ratios are derived by assuming a one gene, complete dominance model of inheritance and a 91 per cent probability of misclassification. NS = not significant. expect to see a significant difference between reciprocal F hybrids since all other possible confounding factors in both contrast ANOVAs are not significant.
It should be noted that the contrast analysis of variance used to measure and test the significance of the various hereditary components is merely a statistical tool. The degree to which it may be relied upon to provide accurate information about a biological system depends on the following assumptions: (a) In this study, as in any analysis of variance, samples should have equal variances and normal distributions (Zar, 1984) . However, in this study, as in most genetic analyses, statistical and biological assumptions can be contradictory. For example, variances of the isogenic parental strains and the segregating F2 hybrid lines will be heterogeneous by definition. (b) As the number of comparisons made between crosses increases, so too does the probability that a type 1 statistical error will result (Winer, 1971) . (c) In addition, analyses of comparisons between crosses are most meaningful when comparisons are statistically independent or orthogonal (Hays, 1981) . In this study, some biologically interesting comparisons involving autosomal differences violate statistical assumptions of othogonality. Although the contrast analysis of variance is not statistically tailored to the biological questions of interest here, it has utility in determining relative contributions (Winer, 1971) made by hereditary components to rover/sitter differences.
Accurate discrimination of rover and sitter phenotypic classes in all reciprocal crosses are possible due to the small overlap in parental strain frequency distributions. Many behavioural phenotypes have continuous distributions as a reflection of polygenic inheritance (Ehrman and Parsons, 1981) . However, Thompson and Thoday (1976) state that continuous phenotypic distributions may be characteristic of as few as one segregating major genetic locus. This may be especially true of behavioural traits due to the large contributions made by environmental factors to phenotype variance (Ehrman and Parsons, 1981) and the possible effect of other minor modifying genes acting upon the major locus (Thompson, 1975) . It is apparent that the discontinuity of the rover/sitter phenotype and visual comparisons of reciprocal cross distributions suggest a relatively simple genetic model of inheritance.
Mendelian analyses of rover/sitter phenotypic class ratios indicate that the autosomal gene or genes responsible for foraging strategy differences between parental strains fit a single gene model with rover completely dominant over sitter. These findings are in agreement with those of Bauer and Sokolowski (1984) Results of these studies can provide the framework for further molecular, physiological, anatomical and behavioural characterisation of abnormalities in these mutants (Hall, 1985) . The utility of such work is obvious from a mechanistic viewpoint although the relevance of laboratory population studies to natural populations is often questioned. Detailed genetic analyses of behavioural differences in natural populations are difficult to perform as many traits are quantitative or polygenically inherited (Parsons, 1979) and have strong environmental components (Ehrman and Parsons, 1981) .
The rover/sitter behavioural polymorphism exists in nature and fits a simple Mendelian model of inheritance in both our laboratory and natural population derived stocks. Results of the present study are of interest since they provide a basis for the initiation of both mechanistic and evolutionary studies of the rover/sitter behavioural phenotype in D. melanogaster.
